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Long-term effects of 24-hr unilateral ureteral obstruction on
renal function in the rat
STEVEN J. BANDER, JOHN E. BUERKERT, DANIEL MARTIN, and SAULO KLAHR
Rena! Division, The Jewish Hospital of St. Louis and Washington University School of Medicine, St. Louis, Missouri, USA
Long.term effects of 24-hr unilateral ureteral obstruction on renal
function in the rat. To characterize the pattern of recovery following
release of unilateral ureteral obstruction of 24-hr duration, rats were
studied with whole kidney clearance techniques, 3 hrs, 8, 14, and 60
days after release. The single nephron glomerular filtration rate
(SNGFR) of superficial and juxtamedullary nephrons was estimated
with a modification of Hanssen's technique in rats studied 8 and 60 days
after ureteral release. The whole kidney glomerular filtration rates
(GFR) were decreased markedly 3 hrs after relief of obstruction, but
gradually increased and by 14 days, the GFR of the postobstructed
kidney (P0K) and the contralateral kidney (CK) were comparable. This
recovery of GFR was not a consequence of a homogeneous improve-
ment in SNGFR. At 8 days, more than 15% of superficial and juxtamed-
ullary nephrons were not filtering in the P0K. This decrease in the
percent of filtering nephrons persisted to 60 days post release, indicat-
ing a permanent loss of nephron units. The SNGFR of the residual
nephrons of the P0K was significantly greater than that of the CK at 8
and 60 days following ureteral release. Thus, acute unilateral ureteral
obstruction results in a permanent loss of filtering nephrons, which is
offset by hyperfiltration of those remaining.
Abnormalities in renal tubule function persisted beyond the time (14
days) when whole kidney GFR had returned to normal. These abnor-
malities were in distal tubule function. Urine osmolality was consis-
tently lower at all time intervals post release, as was net acid excretion.
The results of the present study suggest that these abnormalities are a
consequence of the reduction in the number of filtering juxtamedullary
nephrons and/or to abnormalities in collecting duct function.
Effets a long terme d'une obstruction urétérale unilatérale sur Ia
fonction rénale du rat. Afin de caractériser Ia récupération faisant suite
a Ia levee d'une obstruction urétérale unilatCrale de 24 hr, des rats ont
etC CtudiCs par des techniques de clearance du rein entier, 3 hr, 8, 14, et
60 jours après Ia levee. Le debit de filtration glomerulaire nCphronique
individuel (SNGFR) des nCphrons superficiels etjuxtamCdullaires a etC
estimC par Ia technique de Hanssen modifiée, chez des rats Ctudiés 8 et
60 jours aprCs Ia levee de l'obstruction. Les debits de filtration
glomerulaire du rein entier (GFR) Ctaient diminuCs de facon marquee 3
hr apres Ia levCe de l'obstruction, mais augmentaient graduellement, et,
a 14 jours, GFR du rein postobstructif (P0K) et du rein controlatCral
(CK) étaient comparables. Cette rCcupCration de GFR ne rCsultait pas
d'une amelioration homogCne de SNGFR. A 8 jours, plus de 15% des
néphrons superficiels et juxtamédullaires ne filtraient pas dans le P0K.
Cette diminution du pourcentage de nCphrons filtrants persistaitjusqu'à
60 jours après Ia levee, indiquant une perle definitive d'unitCs
nephroniques. SNGFR des nCphrons résiduels de P0K Ctait significa-
tivement plus ClevC que celle de CK a 8 et 60 jours aprCs Ia liberation
urétCrale. Ainsi, une obstruction urCtCrale unilatCrale aiguC entraine
une perle definitive de nephrons filtrants, qui est masquee par
l'hyperfiltration de ceux qui restent.
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Des anomalies de Ia fonction tubulaire rCnale ont persisté au delà du
moment (14 jours) oü GFR du rein entier Ctait redevenu normal. Ces
anomalies portaient sur Ia fonction tubulaire distale. L'osmolalitC
urinaire était constament plus faible a tous les intervalles de temps
apres Ia levee, de mCme que l'excrCtion nette d'acide. Les rCsultats de
cette étude suggCrent que ces anomalies sont une consequence de La
reduction du nombre de nCphrons juxtamédullaires filtrants, et/ou
d'anomalies de Ia fonction du canal collecteur.
It is known that immediately following release of ureteral
obstruction of 24- to 48-hrs duration alterations in a number of
interdependent renal functions occur [1—4]. Although studies in
animals have provided substantial information about the se-
quence of events and mechanisms underlying the derangements
in renal blood flow and glomerular filtration that occur within
the first several hours after release of ureteral obstruction [1—4],
little is known about the long-term effects of short-term obstruc-
tion on GFR and renal tubule function. It is clear that the
duration of obstruction plays an important role in the degree of
recovery of GFR [5—11]. In the rat, if ureteral obstruction is
present for more than 72 hrs, a permanent decrease in GFR
results [10, 11]. Although recovery of glomerular filtration is
complete after shorter periods of obstruction [91, there is
indirect evidence to suggest that this recovery may not be a
consequence of a homogeneous recovery in the SNGFR of all
nephrons [9, 11]. Such reports suggest that the SNGFR of
surface nephrons is less affected by obstruction than that of
deep nephrons; however, no studies are available that directly
assess the long-term effect of acute ureteral obstruction on the
recovery of filtration in the two populations of nephrons.
Similarly, alterations in tubule function have not been exten-
sively characterized, except in the acute recovery phase. For
example, it has been shown that urine osmolality remains low 6
days after release of bilateral ureteral obstruction of 30-hrs
duration, despite the fact that GFR has returned to pre-
obstruction values [11]. This finding would suggest that renal
tubule abnormalities may persist for longer periods of time and
might reflect irreversible damage to the medullary structures
responsible for creating high urine osmolalities. Nevertheless,
beyond this initial study, no attempt has been made to assess
the reversibility of altered tubule function.
The present study was designed to examine the sequential
changes in GFR, SNGFR, and renal tubule function that occur
up to 60 days after the release of unilateral ureteral obstruction
of 24-hrs duration in the rat.
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Measurement of SNGFR
Male Munich-Wistar rats weighing between 90 to 110 g were
anesthetized lightly with ether. Both ureters were exposed
through a midline abdominal incision. At random, either the left
or right ureter was obstructed. This was done by placing a 4 to
5 mm piece of bisected polyethylene tubing (PE-50) around the
ureter at a point one-third the distance from the bladder to the
renal pelvis. The ureter was then occluded by tightening the
tubing with a 4-0 suture. Twenty-four hrs later, the obstructed
ureter was decompressed by removal of the PE tubing and
ligature. Done in this manner, the ureter could be completely
occluded for 24 hrs and then released without ureteral damage.
At subsequent intervals of study, there was no evidence of total
or partial obstruction.
Clearance studies
Clearance studies were performed at 3 hrs, 8, 14, and 60 days
after the release of the obstruction. During the interval between
obstruction and study, all rats were fed standard rat chow and
allowed water ad libitum. Eighteen hrs before the study, the
rats were deprived of food, but not water. On the day of the
study, the rats were anesthetized with mactin (Promonta,
Hamburg, Germany) given intraperitoneally (80 to 100 mg/kg
body wt). The rat was placed on a heating board and the body
temperature was maintained between 36 to 38°C. A tracheosto-
my and intubation were performed. A catheter (PE-50) was
placed in an internal jugular vein. Another catheter of smaller
caliber (PE-lO) was introduced into a femoral artery and
threaded up the aorta until its end was positioned slightly above
the origin of the renal arteries. Immediately after placement of
the arterial line, an inulin prime was given, followed by an
intravenous infusion of normal saline containing inulin in suffi-
cient amounts to maintain plasma levels between 50 and 100
mg/dl. The rate of infusion was calculated at 35 pi/min/l00 g
body wt. Each ureter was then cannulated with a polyethylene
catheter (PE-50) so that timed urine collections could be made.
After an equilibration period of 60 mm, 2 to 3 timed urine
collections were obtained. The volumes were determined
gravimetrically. Arterial blood samples and blood pressure
measurements were obtained at the midpoint of each urine
collection. At the conclusion of the study, 2 ml of arterial blood
were then collected into a heparinized syringe for the determi-
nation of the plasma ammonium concentration.
The concentration of inulin in plasma and urine was deter-
mined by the anthrone method [12]. Plasma and urinary sodium
and potassium concentrations were measured by standard flame
photometry (Instrumentation Laboratory Inc., Lexington, Mas-
sachusetts, USA). The osmolality of urine and plasma was
measured with a vapor pressure osmometer (Wescor Inc.,
Logan, Utah, USA). Ammonium in plasma and urine was
measured by an ion-specific electrode and a flow-thru cell
(Orion Research Inc., Cambridge, Massachusetts, USA). Arte-
rial and urine pH and pCO2 were determined by a blood gas
microsystern (BMS-3 Radiometer America, Inc., Westlake,
Ohio, USA). Titratable acid was measured by standard
titrametric techniques. Renal blood flow was calculated using
the Fick principle by measuring the clearance and extraction of
inulin.
A modified Hanssen's technique was used to determine
SNGFR 8 and 60 days post release [13, 14]. Five rats were
studied in each group. At the conclusion of the clearance study,
a priming dose of 100 sCi/l00 g body wt of '4C-sodium
ferrocyanide (ICN Chemical, Irvine, California, USA) solution
followed by an infusion at a constant rate of 10 tCi/min was
administered. Five to 10 mm later, 30 p1 of a 20% unlabeled
ferrocyanide solution were injected rapidly into the aortic
catheter. Eight to 16 seconds following the injection of the
unlabeled ferrocyanide, the renal pedicles were ligated. The
kidneys were then removed and immersed in a mixture of dry
ice and acetone. Each kidney was fragmented and transferred
to a cooled (—34°C) solution of ferric chloride and 95% ethyl
alcohol (50 to 60 g hydrated ferric chloride dissolved in 95 ml
alcohol to which 5 ml concentrated hydrochloric acid were
added). The specimens were incubated for 18 to 20 hrs at
—34°C. The renal tissue was macerated in 20% hydrochloric
acid for 6 hrs at 36°C and then rinsed 3 times with water. The
tissue was stored in a solution of 0.2% ferric chloride and 1%
acetic acid until the time of dissection.
Microdissection was carried out under a stereomicroscope.
Small fragments of tissue were suspended in a drop of the ferric
chloride/acetic acid solution in which they had been stored.
Approximately 15 superficial and 15 juxtamedullary nephrons
were dissected from several fragments obtained from each
kidney. Superficial nephrons were defined as those whose renal
tubules touched the capsular surface. Juxtamedullary nephrons
were those whose glomeruli were situated at or near the
corticomedullary junction. In each dissected nephron, the po-
sition of the unlabeled ferrocyanide precipitate was determined
and the tubule cut distal to this dye front. The glomerulus and
the portion of the proximal tubule containing the precipitate
were transferred to a vial containing 10 ml of xylene-based
scintillation counting fluid (PCS. Amersham/Searle, Arlington
Heights, Illinois, USA). The '4C activity of the nephron frag-
ments and plasma was determined with a liquid scintillation
spectrometer (Model 3255, Packard Instrument Co., Downers
Grove, Illinois, USA). Nephron fragments were counted for 100
mm, or an absolute count of 4000. Background counts were
subtracted from the absolute number of counts.
The radioactivity contained in each nephron segment from
the glomerulus to the front of the unlabeled ferrocyanide
precipitate corresponds to the '4C ferrocyanide ions filtered
during the time (T) that elapsed between the injection of the
unlabeled ferrocyanide and ligature of the renal pedicle. Since
both the amount of '4C-ferrocyanide filtered in each microdis-
sected nephron during a given time as well as its plasma
concentration were known, it was possible to calculate the
SNGFR.
cpmlnephron segment > lOSNGFR = _____________
cpm!pl plasma x T
The fraction of filtering nephrons was determined in approx-
imately ten fragments obtained from each kidney. At least 60
superficial and 60 juxtamedullary nephrons were dissected
randomly. Non-filtering nephrons were defined as those units in
which Prussian blue granules were not detectable in the tubule
lumen.
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Values are mean SE. N is the number of rats studied at each interval.
Table 2. Long-term effects of acute unilateral ureteral obstruction on renal function
Analytical methods
Mean group values that are presented in subsequent tables
and graphs were calculated from the average for each kidney.
Mean differences were tested for significance with Student's I
test for paired data. Where indicated, samples were compared
statistically after logarithmic transformation [15]. The data are
presented as mean SE.
Results
Table I summarizes the baseline data obtained for the dif-
ferent experimental groups. The body wts shown are the mean
values obtained on the day of the study. All rats lost I to 10%
of their body wt during the 24-hr period of ureteral obstruction.
There were no differences in the arterial pH, pCO2, bicarbon-
ate, and ammonium concentrations at the different intervals of
the study.
Table 2 presents information on the long-term effects of acute
unilateral ureteral obstruction on renal function. As expected,
whole kidney GFR was decreased more than fifteenfold follow-
ing ureteral release, averaging 48 17 .dImin vs. 750 87
p11mm for the contralateral kidney (CK). By 8 days there was a
marked improvement in the GFR of the postobstructed kidney
(P0K), although still 18% less than the mean value obtained for
the CK (P < 0.005). There was continued improvement in the
GFR of the P0K at 2 weeks, reaching levels equal to those of
the CK. By 60 days the GFR averaged 1214 65 ,u.llmin in the
CK and 1138 76 p1/mm in the P0K. Renal blood flows to the
CK or P0K were not significantly different 8, 14, or 60 days
after ureteral decompression.
As we [16] and others [17—20] have shown, immediately
following ureteral decompression, urine flow increased due to a
decrease in the reabsorption of water; the mean was 14.9
2.7% of the filtered load in contrast to 0.28 0.03% from the
CK. By 8 days, absolute and fractional water excretion was
nearly the same for the P0K and the CK and by 2 weeks, no
discernable difference was noted. Similarly, the absolute and
fractional excretion of sodium was increased significantly dur-
ing the first hrs of release, but by 8 days, there was no difference
in the ability of the two kidneys to reabsorb sodium.
Absolute potassium excretion was significantly reduced im-
mediately following ureteral decompression due to a decrease
in filtered load, since fractional potassium excretion was actu-
ally threefold greater from the P0K than from the CK. The
lower potassium excretion persisted through 8 days. However,
at this interval, the decrease was most likely a consequence of
altered tubule function since fractional potassium excretion was
actually lower from the P0K thaii from the CK. By 14 days,
potassium excretion was not different for the two kidneys.
As in prior studies [16, 19—22], 2 to 3 hours after release of
UUO, the osmolality of the urine was significantly lower,
averaging 315 65 vs. 2440 60 m0sm/kg H20 for the CK.
Although of lesser magnitude, it is clear from Figure 1 that at all
intervals of the study the osmolality of urine from the P0K was
consistently less than that of the CK.
Figures 2 and 3 and Table 3 depict the long-term effects of 24
hours of unilateral ureteral obstruction on urine acidification.
Body wt.
g
Days
post release N
3hrs 6
8 days 16
14 days 12
60 days 10
Table 1. Weight, blood pressure, and plasma parameters in the different experimental groups
Blood pressure
mm Hg
Hematocrit
%
83 107 41.5
130 107 45.0
155 104 44.9
263 114 47.5
pH pCO2
mm Hg
7.39 41
7.41 32
7.35 35
7.38 34
HCO3 Nl14
toM mM
23.0 0.12
22.9 0.13
1.6 0.01
I9.2 0.12
1.7 0.01
20.0 0.14
1.2 0.02
V
pJ/min
GFR
i.d/,nin
V/GFR
%
RBF
pJ/min
UNaV
nEqimin
Time CK P0K CK P0K CK P0K CK P0K CK P0K
3 hrs 2.16 495b 750 48' 0.28 149d
0.17 0.91 87 17 0.03 2.7 —
8 days 3.01
0.20
2.84
0.20
991
71
8l2
84
0.33
0.02
0.39'
0.03
4723
612
14 days 3.74
0.34
3.88
0.21
1072
160
1069
178
0.38
0.05
0.40
0.04
4450
930
60days 3.59
0.39
3.67
0.44
1214
65
1138
76
0.28
0.03
0.30
0.02
5315
612
— 126 591C
—
4239 549 216'
4696 628 508
5202 353 308
FEN. UKV FEK
nEqimin
CK P0K CK P0K CK P0K
0.12 142d 496 41' 13.5 368b
0.04 2.8 82 8 2.6 4.2
0.26 0.22 634 379C 16.6 11.4'
0.l0 0.04 89 81 1.7 1.9
0.47 0.32 845 808 20.3 18.8
0.09 0.03 110 95 2.2 2.3
0.19 0.18 750 621 14.6 13.3
0.07 005 107 93 1.7 1.7
Values are the mean SE. Abbreviations are: V, rate of urine flow: GFR, glomerular filtration rate; V/GFR, fractional excretion of water; RBF,
renal blood how; U,V, absolute excretion of sodium (Na) and potassium (K); FEZ, fractional excretion of Na and K. Values are significantly
different from the CK at a p < 0.05, b p < 0.025, P <0.01, d P <0.005, and P < 0.001.
Time post release
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Fig. 2. Relation between urine pH and the number of days after ureteral
release. • represent mean values obtained for the CK and 0 are values
obtained from the P0K. Values are significantly different from the mean
of the CK at P < §p <0.01.
Two to 3 hours after decompression, the urine pH of the P0K
averaged 7.25 0.12 vs. 5.68 0.04 in the CK(P <0.001). By
14 days, the urine pH of the P0K approached that of the CK,
although a significant difference still existed. Sixty days after
ureteral release, there was no measurable difference in the urine
pH of the two kidneys (Fig. 2.).
As reported previously [16, 23], 2 to 3 hrs after release of
obstruction, bicarbonate excretion from the P0K was strikingly
greater than from the CK. As would be predicted from the urine
pH, the excretion of ammonium, titratable acid, and, therefore,
net acid were virtually zero. By 14 days, the bicarbonate
excretion from the P0K had decreased significantly, although
still greater than from the CK. By 60 days, there was no
discernable difference in the bicarbonate excretion between the
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two kidneys. Mean values of net acid excretion from the P0K
were always lower than those obtained from the CK (Fig. 3).
This was due primarily to a decrease in the absolute excretion
of ammonium, since titratable acid excretion was only slightly
lower at the 8 and 14 days intervals and not at all different 60
days post release.
Mean values for SNGFR of surface and juxtamedullary
nephrons of the P0K and the CK are presented graphically in
Figure 4. The mean SNGFR of surface nephrons measured in
the CK tended to be less than that of juxtamedullary nephrons
(P <0.01). The differences were small, but in line with previous
findings in older rats [24, 25]. In both groups of rats, the P0K
lost the distinction between the SNGFR of surface and juxta-
medullary nephrons. This finding is similar to what has been
reported previously in chronic obstruction [31]. Eight days after
release of obstruction, the mean SNGFR of superficial neph-
rons of the P0K was greater than that of the CK, averaging 47
6 nI/mm vs. 30 2 nI/mm, respectively. Similarly, the mean
SNGFR of juxtamedullary nephrons obtained from the P0K
Time post release
600
400
200
600
400
200
1,000
800
600
400
200
2,800
O 2,400
0)
2,000
C0
E 1,600
>
. 1,2000
EC
° 800
G)
C
400
0
Fig. 1. Effect of unilateral ureteral obstruction on the urine osmolality(mean SE) for the CK (E) and the P0K () is depicted 3 hr, 8, 14,
and 60 days post release. Values are significantly different at *P < 0.05,§p <0.01.
7
I
a)C
5.
T
3hrs 8days l4days 6odays
Time post release
Fig. 3. Long-term effects of unilateral ureteral obstruction on acid
excretion. 0 represent mean values for the P0K, • are those values
for the CK. Upper panel depicts absolute ammonium excretion
(UNH4+V). Middle panel depicts absolute titratable acid excretion
(UTAV). Lower panel depicts the absolute excretion ofnetacid (UNAV).
i Values are significantly different from the contralateral control kidney
at *D < oo5, §p < 0.01, 11P < 0.005, and P < 0.001.3 hrs 8 days 14 days 60 days
618 Bander et a!
Table 3. Long-term effects of acute unilateral ureteral obstruction on acid excretion
Time
U
CK
pH
P0K
UTA
mEqiliter
CK P0K
UTAV
nEqimin
CK P0K
U
CK
NH4
mM
P0K
UNH4.V
nmolelmin
CK P0K
FENH4.
%
CK P0K
UHCO3
mM
CK P0K
UHco,-V
nEqimin
CK P0K
UNAV
nEqimin
CK P0K
3 hrs 5.68 7.25° 154 26d 341 12d 291 3.le 616 15° 806 344b 0.20 103b 0.48 53b 947 —25°
0.04 0.12 27 0.2 61 2 22 0.7 40 3 138 42 0.04 1.8 0.15 14 67 14
8 days 5.52 5.86° 109 62° 313 175° 145 90d 446 242° 390 261° 0.19 052d 0.69 1.84° 807 500°
±0.08 ±0.13 ±20±16 ±54 ±47 ±22 ±12 ±41 ±25 ±63 ±41 ±0.05 ±0.15 ±0.21 ±0.61 ±97 ±87
14 days 5.74 6.03° 57 31 222 155° 94 65° 343 255° 298 222" 0.52 0.92° 1.82 3.92° 557 337°
± 0.07 ± 0.13 ± 25 ± 9 ± 91 ± 67 ± 15 ± 5 ± 15 ± 35 ± 36 ± 32 ± 0.15 ± 0.15 ± 0.38 ± 0.75 ± 133 ± 37
60 days 5.79 5.82 135 119 422 344 199 149° 650 510° 448 391b 0.35 0.34 0.79 1.11 840 689°
±0.04 ±0.02 ±21±20 ±57±43 ±22 ±14 ±45±50 ±66±61 ±0.05±0.05 ±0.21 ±0.35 ±51 ±46
Values are mean ± SE. Abbreviations are: TA, titratable acid; NA, net acid; and those shown in Table 2. Significantly different from the CK at
values shown in Table 2.
8days 6odays
Fig. 4. SNGFR of superficial (SUP) and juxtamedullary nephrons (JM)
for the contralateral control kidney () and the P0K (m) 8 and 60 days
following ureteral release. Values are significantly different from the
CK at *D < 0.05, P < 0.025.
were greater than from the CK. The average was 50 ± 7 vs. 34
± 2 nI/mm for those nephrons taken from the CK.
Despite the fact that there was no significant difference in the
GFR of the two kidneys 60 days after ureteral release, results of
SNGFR determinations obtained at this interval were similar to
those obtained 8 days after ureteral release. The values for
SNGFR averaged 32 ± 4 nI/mm in the superficial nephrons of
the CK vs. 48 ± 7 nI/mm in the P0K (P < 0.05). In the
juxtamedullary region, the SNGFR of the CK averaged 37 ± 5
nI/mm vs. 51 ± 7 njJmin in the P0K (P < 0.05).
The percentage of filtering nephrons in the kidneys subjected
to ureteral obstruction was significantly less than in the CK.
Nearly all of the superficial and juxtamedullary nephrons were
filtering in fragments obtained from the CK of both groups (99
± 1%). Only 80 ± 2% of the superficial and 75 ± 3% of
juxtamedullary nephrons were filtering in fragments obtained
from the P0K 8 days post release. Sixty days following ureteral
decompression, 87 ± 1% of superficial and 83 ± 2% juxtamed-
ullary nephrons were filtering in the P0K (Fig. 5).
Discussion
The pattern of recovery of whole kidney GFR after release of
unilateral ureteral obstruction of 24-hrs duration is similar to
that described by McDougal and Wright [11] following release
of urethral obstruction of 30 hrs. In the present study, whole
kidney GFR was significantly reduced (5 to 6% of the CK)
during the initial period post release. Thereafter, the GFR
increased and by fourteen days mean values for the P0K were
not significantly different from the CK. There was a permanent
loss of superficial and juxtamedullary nephrons, and the appar-
ent recovery in the GFR of the P0K was due to an increase in
the SNGFR of residual nephrons. Surprisingly, this recovery in
glomerular filtration was not associated with a concomitant
improvement in the functions of the renal tubule. Urine
osmolality was persistently low throughout the interval of the
study, and the capacity to excrete buffered acid was impaired.
The mechanism underlying this differential recovery of glomer-
ular filtration and tubule function could have been a conse-
quence of a selective loss of juxtamedullary nephrons, with a
compensatory increase in the filtering capacity of surface neph-
rons, or to an alteration in distal tubule function of all nephrons.
Previous attempts to characterize the pattern of recovery in
filtration at the nephron level have been limited to a few studies
carried out in the initial period (2 to 3 hrs) after ureteral release
[19—21, 261. Nevertheless, it was apparent from these studies
that the pattern of recovery of nephron filtration was heterogen-
ous in nature. Early studies [17, 181 reported that calculations of
whole kidney GFR based on determinations of surface nephron
GFR were greater than the values obtained from clearance
measurements. Similar results were reported by Wilson [91 after
2 to 4 weeks of persistent partial unilateral obstruction. In
subsequent studies, Harris and Yarger used Hanssen's tech-
nique and found that only 40% of the superficial nephrons and
12% of the juxtamedullary nephrons were filtering immediately
following release of unilateral ureteral obstruction. These find-
ings suggested a selective loss ofjuxtamedullary nephrons. The
results of studies by Buerkert et al [21, 22J after release of
unilateral ureteral obstruction of 18-hrs duration were some-
what different. They found a proportional reduction in the
percentage of filtering superficial and juxtamedullary nephrons
90 to 180 mm post release. In addition, the pattern of recovery
of nephron filtration during the first 3 hrs following ureteral
release was similar in the surface and juxtamedullary nephron
population. Thus, in the initial period after ureteral release,
recovery of filtration was heterogeneous in both populations of
nephrons. Studies characterizing the pattern of nephron recov-
ery at subsequent intervals post release have not been per-
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formed. Further, until now, no attempts have been made to
characterize the recovery of nephron filtration at a time when
whole kidney GFR approached normal values.
In the present study, we found that recovery of whole kidney
GFR after release of unilateral ureteral obstruction of 24 hrs
was not due to a homogeneous improvement in nephron func-
tion, as approximately 15% of the nephrons in both superficial
and juxtamedullary regions were not filtering at a time when the
GFR of the CK and the P0K were statistically similar (Fig. 5).
Further, there was no difference in the percentage of nephrons
filtering 8 and 60 days post release, indicating that the nephron
loss was permanent. Recovery of whole kidney GFR was due to
hyperfiltration of residual nephrons. The mean values for the
SNGFR of superficial and juxtamedullary nephrons 8 days after
ureteral release were 40 to 50% higher than values obtained in
the CK. Similar differences were seen 60 days after ureteral
release. If one assumes that surface nephrons comprise 72%
[27] of the 30,000 nephrons in the rat kidney, that the remainder
are juxtamedullary nephrons [28], and that only 87% of surface
and 83% of juxtamedullary nephrons are filtering in the P0K,
then whole kidney GFR calculated from the mean SNGFR
values for the two populations of nephrons would be approxi-
mately 1002 p1/mm for the CK and 1213 p1/mm for the P0K.
These values are similar to measured values, which are pre-
sented in Table 2, and support the concept that short-term
obstruction results in a permanent and proportional loss of
superficial and juxtamedullary nephrons and that the apparent
recovery in the GFR of the P0K was due to an increase in the
SNGFR of residual nephrons.
We found that urine osmolality from the P0K was consis-
tently less than that from the CK at all time intervals examined,
although this defect improved with time. Sixty days after
release, the urine osmolality of the P0K was 80% of the CK.
Such an impairment in the capacity to concentrate the urine is
a well-known consequence of obstructive uropathy [2—4]. The
mechanism underlying this decrease in free water reabsorption
may differ, depending on the duration of obstruction and the
time after ureteral release. It is known that urine osmolality
declines within 10 mm of raising ureteral pressure by 80 to 100
mm Hg [29—31]. Immediately after release of obstruction of
short duration, several factors appear involved mn the reduced
concentrating ability of the post-release kidney. First, there is a
disproportionate decrease in the filtration of deep nephrons as
compared to the decrease in inner medullary blood flow [21].
This would result in a dissipation of the solute content of the
medullary interstitium. Second, the capacity of the thick as-
cending limb of Henle's loop to reabsorb NaC1 is reduced [32],
which would also result in a decrease in medullary solute
concentration. Finally, there is evidence suggesting that the
collecting duct is unresponsive to vasopressin after release of
ureteral obstruction [32]. After more chronic periods of
obstruction, it appears likely that these changes are com-
pounded by a preferential loss of juxtamedullary nephrons [9].
Our data, as well as those of other investigators [17, 19, 23],
indicate that after release of ureteral obstruction, potassium
excretion is impaired markedly. In our study, a decrease in
potassium excretion was present 8 days after ureteral release.
The mechanism responsible for this decrease in potassium
excretion is unknown. It may be the result of a decrease mn
solute and sodium delivery to the distal nephron, resulting in
decreased potassium secretion at that site, as proposed by
McDougal and Wright [11], or it could be due to unresponsive-
ness of the distal segment to aldosterone. The latter seems more
plausible since potassium excretion in this setting was not
corrected by increasing sodium delivery with volume expansion
or sodium sulfate administration [23].
There were also striking abnormalities in urine acidification
immediately after release of unilateral ureteral obstruction. As
in previous studies [16, 23], we found that the pH of urine from
the P0K was consistently higher than that from the CK. As
expected, this higher urine pH was associated with a significant
reduction in the buffered acid excretion. It has been demon-
strated previously [16, 23] that this alteration in acidification is
due to impaired hydrogen secretion in the distal segment of the
nephron. The present study extends these initial findings by
characterizing the pattern of recovery of distal acidification
after release of obstruction. From our studies, it is apparent that
the capacity to generate a normal gradient for hydrogen ion in
the distal nephron improves considerably within 8 days of
ureteral release, although complete recovery is not apparent for
60 days. As might be expected, this recovery in urine pH is
associated with a parallel increase in titratable acid excretion.
In contrast, ammonium excretion is always less from the
P0K than from the CK. It seems likely that several mechanisms
are responsible for this latter finding. Initially, ammonium
excretion as well as total acid excretion are reduced virtually to
zero because of the absence of a pH gradient in the distal
nephron. The mechanism underlying this finding has been
characterized previously [16, 23]. After 8 days, the capacity to
establish a pH gradient is partially restored, and it probably
does not play as significant a role in the decreased ammonium
excretion. Indirect evidence goes against a derangement in the
proximal tubule where ammonia production takes place since
water, salt, and bicarbonate reabsorption is enhanced in
obstruction [16, 19, 23]. It also goes against a loss in functioning
nephrons seen in this study since residual nephrons are known
to have a considerable reserve for ammonia production [33].
The defect in ammonium excretion could be a defect in ammo-
nia reentrapment along the collecting duct [33]. This possibility
seems likely in view of the other distal nephron abnormalities
that are present at these same intervals post release.
In conclusion, these studies demonstrate that unilateral ure-
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Fig. 5. Percentage of filtering superficial (SUP) and juxtamedullary(JM) nephrons in the CK (D) and the P0K ( ) 8 and 60 days post
release. Values are significantly different from the contralateral control
kidney at §p <
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teral obstruction of 24-hrs duration results in the permanent loss
of filtering nephrons within the superficial and juxtamedullary
regions of the kidney, which is offset by hyperfiltration of the
remaining nephrons such that whole kidney GFR returns to
normal. Further, there is evidence that alterations in distal
nephron function persist beyond 60 days after ureteral release,
most likely due to a loss of functioning juxtamedullary nephrons
and/or to abnormalities in collecting duct function.
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